Higgs, being the first discovery of a fundamental scalar field in the standard model (SM), opens the possibility of existence of other scalar or pseudo scalar particles. Though it does not conclusively fulfill the role of inflaton, it does provide motivation for experimental searches involving interactions of scalar (or pseudo scalar) particles as well as implications of such particles' existence from the perspective of theoretical understanding. Yukawa interactions are among the possible interactions. The considered model addresses Yukawa interaction among the Higgs (and Higgs bar)
Introduction
Higgs [1] [2] [3] sector has taken the status of a cornerstone in the standard model [4] [5] [6] after its experimental finding [7, 8] . Its very existence was indeed expected since it renders several particles in the SM, electroweak interaction bosons in particular, massive in a renormalizable manner [4, 5] . However, implications of its existence may very well reach far beyond low energy phenomenology of the standard model [5] , supersymmetry [9] and cosmology [10, 11] being two of these examples. It also opens a possibility of existence of a whole scalar sector to be experimentally discovered and studied from the perspectives of both theory and phenomenology.
In supersymmetry [9] , implications of scalar fields as fundamental degrees of freedom are beyond a mass generating mechanism which was indeed one of the reasons for frantic SM Higgs searches over past few decades. There can be found a plethora of reports, for instance [12] , suggesting a number of scalars providing various extensions to the already known SM [13] , and even to cosmological scenarios [14] . In particular, in minimal supersymmetric model Higgs boson is expected to be smaller than 135 GeV [3, [15] [16] [17] [18] which turns out to be the correct prediction [7, 8] . However, as experimental searches [19, 20] are yet to confirm their existence in nature, the status of supersymmetry remains inconclusive to this day.
In cosmology, Higgs was suspected to cause inflation [11, 21, 22] , which in recent years revived interest in Higgs related cosmology [23, 24] . However, as the quartic self coupling of Higgs is found to be around 0.6 [25] , which is significantly different than what was expected to produce slow rolling during cosmic inflation [10, 25, 26] , it is reasonable to expect at least one more scalar field required by current understanding of inflation [27] . As the experimental discovery [7, 8] places Higgs as the only fundamental scalar field in the standard model, it presents an opportunity to explore scalar fields' interactions using experimentally known results from Higgs searches.
Beside that Higgs interactions have been studied extensively, scalar singlet field has also been studied at length from various perspectives, a similar theory studied being [28] , particularly dark matter physics [29] [30] [31] [32] [33] [34] . Though, the φ 4 theory is found to be a trivial theory [35] [36] [37] [38] [39] [40] [41] [42] , it has not been yet established if its interactions with other fields also render the theories trivial. For the case of Higgs, which is also a (complex doublet) scalar field, its interactions with gauge fields [43] , have not shown any conclusive sign of triviality.
In this paper Yukawa interaction between Higgs and a real scalar singlet is studied using Dyson Schwinger equations 2 [44] [45] [46] [47] [48] . The studies is conducted under the paradigm of quantum field theory with flat background and coupling values of the order relevant to physics related to inflation [25] . The theory is explored in terms of propagators, vertices, and cutoff effects. Higgs masses are set at 126 GeV [7, 8, 49, 50] 3 , and 160 GeV [51] 4 . The theory is studied with different scalar masses from electroweak to TeV regime 5 .
There is a companion paper which takes into account other renormalizable interaction vertices [53] covering a larger parameter space 6 , though using a different numerical approach [54] , and a paper which addresses phenomenology and further generalized results of the same theory [55] .
At this point, the theory does not contain any four point self interactions in the Lagrangian. As the Yukawa interaction term in the theory can also produce 4 point self interactions for both Higgs and scalar fields, these self interactions are neglected in favor of, seemingly more fundamental, three point Yukawa interaction. Inclusion of these four point self interactions are considered somewhere else [53] .
The model considered here is a variant of Wick-Cutkosky model [56] which has been studied in different contexts [57] [58] [59] . A significant part of such studies takes into account real, massive as well as massless, singlet scalar self interacting fields via a three point interaction vertex [28] . Two scalar fields under the same model have also been studied under the same model [60] . However, most of these studies have various kinds of assumptions used to either study different aspects or applications of the model or solve the theory exactly. In this paper no additional assumptions have been used in numerically extracting the correlation functions which are to be used to calculate further quantities related to Higgs phenomenology [55] . The only constraints are renormalization conditions, which are among the typical features of, particularly phenomenology related, quantum field theories, and a condition to suppress local numerical fluctuations as mentioned below.
Technical Details
The theory is explored using approach of Dyson Schwinger equations [47, 61] in Euclidean space. The Lagrangian is given by
with Higgs fields (h) with SU(2) symmetry and φ a real field. Π is a dimensionful parameter used to render λ dimensionless. For the current investigation Π is set to 1 TeV. Since Π here is a non-dynamic parameter, effective coupling λ e (= λΠ) will be used throughout this paper. As mentioned above, and to discern implications of Yukawa coupling in the theory with the numerical set up of computations presented below, all higher order interactions have been kept from the Lagrangian. Dyson Schwinger equations for propagators, H ij (p) for Higgs and S(p) for scalar singlet fields, in momentum space are given by
with Γ kl (u, v, w) being the three point Yukawa interaction vertex of Higgs, Higgs bar, and scalar fields with momentum u, v, and w, respectively. Higgs and Higgs bar fields have indices k and l, respectively. The renormalization conditions for the propagators [61] are
The starting expressions of correlation functions for numerical computations are set to their tree level expressions. For every update of vertex and propagators, Newton Raphson's method is implemented locally. Higgs propagators are also updated using the same method while scalar propagators are calculated directly from the respective DSE, see equation 3. Hence, under the boundary conditions the propagators are updated or calculated from the respective DSE, and the vertex is updated to numerically evolve towards a solution such that both equations are satisfied within the preselected size of local error. Uniqueness of solutions is implicitly assumed.
As there are three unknown correlation functions, a commonly used approach is to used a third DSE for the interaction vertex. However, it introduces (most likely) unknown, further higher correlation functions depending upon the theory. This never ending sequence is coped with truncations and assumptions [47, 61] . Several approaches (such as ladder approximation) are commonly used for studies involving DSEs. Some of these approaches may still be numerically suitable and economical, as the unknown higher correlation functions are replaced by suitable assumptions, such as modeling them in terms of other lower correlation functions. However, the resulting correlation functions may be effected by such truncations and modeling. On the contrary, during the current investigation only the renormalization conditions for propagators are used which, along with its symmetry properties dictated by the physics and the integral equations, act as constraints on the vertex. Hence, two non-linear coupled integral equations along with the renormalization conditions make it possible to extract three unknown correlation functions without resorting to other means, and only the interplay of the quantities within the theory is made the most of.
The computations are performed to achieve correlation functions with less than 10 −20 local uncertainties in results. All results are for the vertices formed by Higgs and scalar fields with momentum perpendicular to each other, while the other Higgs (bar) field carries the momentum obeying standard conservation principles.
Suppression of local fluctuations in vertex is numerically implemented by requiring that local fluctuations never exceed by an order of magnitude in (Euclidean) space-time.
The parameters for computations have been chosen to either explore the dynamics in the theory in both perturbative and non-perturbative regimes in the context of studies of richer theories [53, 62] , or their relevance to phenomenology. Higgs masses have been chosen with inspiration from the discovery of Higgs [7, 8] as well as studies of heavy Higgs scenarios [43, 63] . In total, 180 sets of parameters are studied with 10 −9 ≤ λ ≤ 2.0 × 10 −3 and 80 GeV ≤ m s ≤ 2.5 TeV, for m h = 126 GeV and m h = 160 GeV.
The order of coupling values have been chosen regarding the quartic coupling value for inflationary scenarios involving Higgs [25] . As Feynman's box diagrams containing only three point Yukawa interaction can, at least naively, represent four point self interactions for both Higgs and scalar fields, it is assumed that fourth power of Yukawa bare coupling can naively represent a bare 4 point self interaction coupling, and the above mentioned range of bare coupling values becomes natural choice for such explorations.
The theory is extensively studied with 3 TeV cutoff in an attempt to not fully compromise the resolution over momentum, given the limitation of resources. Severity of cutoff effects have also been investigated by performing limited computations for slightly higher cutoff values, 5 TeV and 20 TeV, results are included in the following.
Gaussian quadrature algorithm is used for numerical integrations.
Propagators

Scalar Propagators
Scalar propagators are obtained for masses ranging from 80 GeV to 2.5 TeV for each Higgs mass, under multiplicative renormalization condition defined at the mass of scalar field, see equation 5. Scalar propagators for 126 GeV Higgs are shown in figure 1 for scalar masses in electroweak regime. At the ultraviolet end, the scalar propagators are observed to be in agreement with their tree level expression up to a constant, favoring perturbative picture. It has already been observed on a number of occasions, for example [43] . The self energy term, S en (p) defined below, is given in figure 2 .
At the ultraviolet end, scalar self energy terms vanish, see figure 2 , favoring the tree level propagators upto a constant. A rather peculiar observation lies at the infrared region where scalar propagators accumulate in the form of groups, though they are not necessarily identical at the lowest momentum. At this end, scalar self energy contributes significantly, even exhibiting negative contributions to tree level terms. The situation becomes more interesting for scalar masses in TeV regime with 126 GeV Higgs, see figures 3 and 4. For scalar self energy term, the overall behavior is qualitatively similar to scalar masses in electroweak regime. However, the accumulation of scalar propagators in favor of a tree level structure up to a constant is more pronounced. Furthermore, the deviations at the infrared red region is also significantly suppressed, along with the scale over which the propagators numerically manifest themselves. It may be taken as a sign of limited choices of scalar physical masses in TeV regime in the theory. A common feature of scalar propagators with 126 GeV Higgs A peculiar observation is relatively pronounced negative contributions of scalar self energy terms at infrared end for several sets of parameters, see figures 2, 4, 6, and 8. Particularly for scalar masses in electroweak regime, the contributions rise to as much as around 20% of their tree level counterparts, which may cause the respective poles to shift. In extreme cases, such negative contributions in scalar squared masses can be expected to even flip the sign of squared physical masses for some points in parameter space, which is indeed the feature of Higgs mechanism [5] understood with conventional spontaneous symmetry breaking [64] [65] [66] [67] [68] . The scalar propagators are found to be effected by the cutoff, though for most of the values of parameters the effect is found very weak for the cutoff values used, see figures 9 and 10. There is a slight suppression of propagators for lower coupling values or higher cutoff for some parameters.
Within the values of momentum, many of the contributions from self energy terms are less than 2%. However, the feature which still persists with larger cutoff is significant negative contributions of self energy term for a number of parameters, see figure 10 . Persistence of such significant negative contributions to tree level structure of propagator supports speculations that even in the presence of a Yukawa 3-point interaction in the theory it may be possible to generate poles in scalar propagators, and that non-perturbative effects may be equipped with a possibility that instead of Higgs playing the role of inflaton, inflaton might play the role of Higgs. However, at this point, this matter begs for further studies of the theory.
Higgs Propagators
Higgs propagators are obtained for masses m h = 126 GeV, and 160 GeV, with a range of scalar masses mentioned above, under multiplicative renormalization defined at Higgs mass, see 
For both regimes of scalar masses in figures 11 and 13, Higgs propagators are observed to be significantly close to each other indicating similar qualitatively and very close quantitative behavior, particularly in the infrared region. It is an indicative of very low contributions of corrections beyond tree level expression in perturbative expansion and, in the context of the current approach, very low contributions from self energy term, as is the case for SM Higgs. This is corroborated by self energy terms plotted in figures 12 and 14 for scalar masses in electroweak and TeV regimes, respectively. There are two immediate observations. Firstly, for all the explored parameters self energy terms are found to be suppressed at the infrared end, indicating negligible contributions to Higgs propagators. Given the structure of the Higgs propagator's DSE, it also suggests very low contributions to Higgs mass since for p 2 → 0 only renormalization dependent constant remains as the sole contributor which appears to be close to unity. Secondly, there are increasing contributions for relatively higher momentum values, but the magnitude of this contribution can not even compete with (squared) bare mass around 125 GeV, as it can be seen on figures 12 (right) and 14 (right). However, their rising magnitude is an indicative of slight deviations from tree level Higgs propagators for higher values of momentum. A peculiar observation is that for very high coupling values, which are also inaccessible for perturbative approach, there are distinctly higher contributions 7 .
7 A tendency of higher contribution is also found for lower scalar masses in the two In the vicinity of cutoff, there is a trend of monotonically decreasing contributions as one goes towards the cutoff value for some parameters. In terms of both Higgs and scalar propagators it is understandable since the integrand contains both of these monotonically decreasing functions. Howregimes, but as the classification of regimes is merely for convenience at this point, it remains unclear how the Higgs self energy terms depend on scalar bare masses. ever, at what momentum the self energy reaches it maximum depends upon both the scalar bare mass as well as the coupling, which is a manifestation of non-trivial dependence on these parameters, even though they are suppressed by the Higgs bare mass, see figures 12 (right) and 14 (right).
For the case of heavier Higgs, a similar behavior is found. Higgs propagators are found to be qualitatively similar, while quantitatively they have Hence, it is concluded that Higgs mass (as well as the propagators) remains almost unaffected due to relatively very small contributions from Higgs self energy terms within the parameter space explored for the given cutoff. It also finds support from results obtained in [51] .
Contrary to scalar propagators, situation does not change markedly for Higgs propagators for higher cutoff set at 5 TeV and 20 TeV, see figures An important qualitative observation in both regimes (and different cutoff values) is the negative Higgs self energy contributions at the infrared end for several parameters. However, as their contributions are practically negligible for the explored parameters, it implies that once the Higgs squared (bare) mass is chosen, it retains its chosen sign, hence staying in the same physics [2, 43] . 
Renormalized Masses in the Theory
with a i 's as coefficients to be determined for the best fit. For Higgs, it is evident that the m 2 h(R) does not receive any significant renormalization dependent contributions. With 5σ confidence level most of R h values (at least almost) agree with each other. The extent of insignificant contributions are also evident from the scale over which R h values manifest themselves in figure 21 . It supports the observation of practically no considerable changes in Higgs propagators over the explored parameter space, see figures 11, 13, 15, 17, and 19.
For scalar field, the contributions to the bare masses are significantly larger than those for Higgs field. These values are also observed to be around some specific values, indicating the limited selections in physical masses for the scalar field in the theory for the selected scalar bare masses. In fact, m 2 s(R) values are found to be depending on m 2 s with almost no dependence on λ (or λ e ) for most of the m 2 s values. A peculiar feature of the theory is decreased values of m 2 s(R) (R s ≤ 1.0) for a number of parameters due to negative contributions coming from the self energy terms. It further supports the speculations for scalar fields regarding possible tendency of flipping the sign of m 2 s(R) in some regions of the parameter space of the theory.
Vertices
The Higgs-scalar vertex, beside being the second simplest correlation function after propagators, is the only interaction term in the Lagrangian of the theory. As the computations were performed using two equations for the two field propagators, the vertex relies solely on the renormalization conditions introduced for the two propagators without any further assumptions, which are usually used for higher unknown correlation functions [61] , or truncations. The vertex Γ kl (q, p − q, −p) is defined as
where V(q,p) is the dressing function of the tree level vertex Γ kl (tree) (q, p − q, −p) with q and p being the momenta of Higgs and scalar fields, respectively, while p − q is the momentum of the other Higgs (bar) field. higher values of both Higgs and scalar fields' momenta, hence favoring tree level feature at the higher end of momentum values. This is not very surprising since for higher values of momentum tree level contributions of both Higgs and scalar propagators are dominant.
Secondly, for most of the points considered in parameter space, either weak dependence on momenta of fields is observed over a wide range of (relatively higher values) momenta, or the vertex acts as an almost constant function but in two markedly different plateaus over two different momentum regions. In general, the lower plateau of the vertex is in smaller momentum region. Hence, there exists a classification in terms of behavior of vertices over momenta for different bare parameters. The vertices with two plateaus are observed to be corresponding to the parameters for which scalar self energy terms show either extremely weak or no sign of negative contributions, see figures 2 and 4. Hence, the parameters which posses no tendency to create a pole in scalar propagators have a two plateau behavior in the model. This feature has also been observed in a similar theory [69] , though with restricted qualitative resemblance. The vertices which are almost a constant functions for over a wide range of field momenta, and posses suppression at the lower end of scalar momentum are the ones for which scalar self energy term contributes negatively to [43] with gauge bosons. However, in the current study the vertices are found to have zero crossing as an additional feature.
In addition, for a number of parameters the vertices were found to have fluctuations or additional behavior. It is assumed that these vertices correspond to a boundary in parameter space between the two above mentioned features of the theory in terms of the behavior of vertices.
The theory does not exhibit triviality. It is not unexpected as interac-tions of Higgs, which is also a (complex doublet) scalar, with gauge fields [43] have not been observed to render the theory trivial. However, regions of suppressed vertices have indeed been observed for the cases of vertices with two plateaus. It indicates that even if the vertex is suppressed for some region in momentum space, because of the two plateaus behavior this effect may not persist for all momentum values of the contributing fields, while for the case of the other kind of vertices a zero crossing may appear. Scalar masses are observed to play pronounced role in qualitative behavior of the vertices. Effects of scalar momentum is also found to be slightly more pronounced, though not dominant, compared to the Higgs momentum. It is understandable since Higgs propagators show small deviations over the span of the parameters explored here.
The vertices are found to be depending upon the cutoff values, though the effect may not be very sensitive to all the cutoff values, see figure 30 . For 5 TeV cutoff, effects are not drastic for many parameters as the cutoff is not far from 3 TeV. However, for higher cutoff value (20 TeV) the qualitative change in vertex is visible. It is also evident that, as the dressing of the vertex is considerably different than unity, perturbative approach may not be a generally useful choice for all the points in the parameter space, see equation 5 .
Let us recall that, though the interaction vertex is capable of producing four point interaction vertices, it still can not produce the tree level contributions of four point vertices. Hence, being an effective field theory [70] of a larger renormalizable theory of the scalar fields, it is not clear at this point how inclusion of a four point self interactions to the Lagrangian will effect the vertices. This matter is considered in another paper [53] .
Conclusion
In this paper, results from a systematic studies of a three point Yukawa interaction among Higgs and scalar singlet fields are presented. The studies is a part of understanding richer quantum field theories with flat background and investigating their phenomenology. Even in the presence of only one three point vertex, the theory is found to posses a number of non-trivial features.
For Higgs propagators, all results point towards dominant tree level expressions with practically insignificant contributions coming from self energy terms in comparison to around 125 GeV Higgs bare mass. It suggests that, at least within the explored cutoff and the region in parameter space, Higgs mass does not receive significant contributions beyond tree level, which further corroborates the current understanding of SM Higgs.
For scalar singlet propagators, the results are far from as simple as in the case of Higgs propagators. Scalar propagators are found to be accumulating in groups, and these degeneracies are further quenched as the Higgs mass is increased. In this theory, there is a particular selection of scalar masses which strongly depends upon the bare scalar mass values, and have very weak dependence on bare couplings. This feature is particularly important and begs for further detailed studies because if, in an ideal situation, a theory renders a particle one particular renormalized mass value without depending upon some of the bare parameters, it may be helpful to reduce the number of parameters in the theory. In fact, at least one such proposition [71] does exist in literature for the same problem, particularly regarding the SM which contains many free parameters.
For some points in the parameter space, the scalar self energy term is observed to have significant negative contributions which raises speculations that in extreme case a pole might also arise in Euclidean scalar propagators for some parameters.
Higgs-scalar vertices, depending upon the chosen point in parameter space, appear to be transiting between a two-plateau behavior and almost constant functions in momentum space with a possible suppression or even a zero crossing for the lower end of scalar momentum. However, a common observation is that it reaches around the tree level expression in the region with highest values of momentum.
Overall, the theory does not behave as a trivial theory, hence it serves as an addition to plethora of previous studies of scalar interactions which did not exhibit any conclusive signs of triviality.
